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Abstract

lonic liquids, like BMIMBF4, are added to mixed halide perovskites to prevent halide
phase segregation and increase phase stability, but exact mechanisms changing
halide kinetics are currently unclear. Here, X-ray diffraction, nuclear magnetic
resonance and photoluminescence spectroscopy are used in-situ under dark
conditions to follow thermally driven halide mixing processes forming MAPDbI3xBrx from
physical mixtures of MAPDbIsz and MAPbBrs powders with and without BMIMBF4. Halide
migration is significantly accelerated with BMIMBF4 compared to additive-free
mixtures. This is attributed to liquid-like dynamics of BMIMBF4 at elevated
temperatures, liberating defect sites at perovskite interfaces. Furthermore, the
presence of BMIMBF4 increases the activation energies for Bromide migration,
suggesting a changed nature of the latter. This is explained by a preferred interaction
between BMIM* and Bromide, indicating that the cations of the additive shuttle Bromide
ions between interfaces. Overall, these observations pave the way for a better

understanding of halide transport in hybrid perovskites.
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Main text

In recent years mixed halide perovskites have become a promising candidate for
application in tandem solar cells due to the tunability of their bandgap energy 2.
However, in polycrystalline perovskite thin films, halide migration within perovskite
grains and across their interfaces results in phase segregation of halides under light
irradiation and thus in a deterioration of optoelectronic functionality 3-. Therefore,
major efforts were undertaken to study halide diffusion, the driving force behind the
halide demixing processes under external stimuli, such as light irradiation®"8, electrical
bias %19 and heat treatment -13, The various studies revealed that illumination-
induced halide segregation i) depends on the light intensity and temperature, 131314 jj)
mainly appears at grain boundaries *° and iii) is reversible in the dark . This reversal
of the halide mixing process is accelerated through annealing and results in solid
solutions, e.g., in the case of the often studied mixed halide perovskite MAPbI3.xBrx.1®
The corresponding halide mixing and demixing reaction is described by Eqg. 1 in a
simplified manner, whereby the formation of intermediate halide compositions is
indicated. Phase segregation under illumination usually is reaching a stable plateau for
x around 0.6 for lodide rich composition, while Bromide rich compositions are less

stable and highly distributed. 317

AT AT
MAPbIy + MAPbBrs > MAPbly_xBr, + MAPbI,Brs_ 2 2 MAPbI, sBr s Eq.1
Vv

In general, halide diffusion in halide perovskites, and therefore also halide segregation
or mixing (Eq. 1), is defect-assisted’® via bulk and surface ionic defects.'81°
Consequently, the underlying mechanism of ion migration can vary with the chosen
halide composition,?° as well as the overall perovskite morphology. This leads to a high

variation of extracted activation energies for lodide and Bromide migration, ranging


https://doi.org/10.1126/science.aaz5074

between 7.7 kd/mol and 57.9 kJ/mol (0.08 eV - 0.6 eV).11141821.22 |t was also shown
that in thin films of mixed MAPDI1.5Br1.5, the activation energies for remixing are higher
than for light-induced segregation,*! which was correlated to lattice expansion and

strain due to the presence of charge carriers under illumination.2324

One approach to inhibit ion migration and thus counter halide segregation upon
illumination is the use of additives. Additives reduce bulk defect densities 22 and
modify interfaces in perovskite thin films, 2>27 hindering ion migration. Here, one
prominent type of additive are ionic liquids (ILs). ILs are known to improve the stability
of halide perovskites against humidity,?82° facilitate film processing,3%:3! foster grain
growth,3233 and passivate trap states®-36, Amongst a suit of different ILs, especially
ILs with an imidazolium-based cation are widely used for defect passivation, as well as
performance and stability enhancements.®-3° It was demonstrated that the
imidazolium core of the cation governs the functionality for a range of different side
groups, while the nature of the associated anion, e.g., halides or super halogens, is
modulating the observed effects for a variety of hybrid perovskite compositions.3840:41
More specifically, the imidazolium-based super halogen IL BMIMBF4 (1-Butyl-3-
methylimidazolium tetrafluoroborate) was used to enhance the thermal stability in
MAPDIs and mixed halide perovskite thin film solar cells under light irradiation and to
suppress the ion migration in MAPbIs powder thick films.36:4243 However, what role the
IL plays for halide migration and how it interacts with the perovskite is still rather
unclear.** To this end, we investigate how the additive BMIMBF4 impacts halide
diffusion in the reversed process to demixing, i.e. the halide mixing in perovskites upon

annealing (Eq. 1).

We study the halide migration kinetics during thermally induced halide mixing in

physical mixtures (1:1) of MAPbIs and MAPbBrs powders with BMIMBF4 as additive

4



under dark conditions. For this, the neat “parent” perovskite powders MAPbIs and
MAPDBrs were individually synthesized using a mechanochemical approach,*® with
and without the addition of 0.5 mol% BMIMBF4 during ball-milling (compare Sl, section
S1 for details). To identify if the functionality of BMIMBF4 is based on the cation or
anion a further set of parent powders is synthesized containing 0.5 mol% BMIMPFs
(see section S1). The resulting MAPbIz and MAPDbBr3 powders with and without ILs
possess similar powder morphologies, i.e., particle size, crystallinity, and bulk defect
densities, as analyzed by SEM, XRD, NQR and PL spectroscopy (details in section S2
in SI). Consequently, changes in halide kinetics should be attributed to the presence
of BMIMBF4 and BMIMPFs located at grain boundaries.*34¢ Furthermore, the mean
grain pseudoradii around 0.2 ym suggest that the halide migration is dominated via the

modified grain boundaries.4’

The MAPbIs and MAPbBr3 powders are physically mixed (1:1) by cryo-ball milling at
low temperature (T=77 K) to ensure well dispersed, reproducible particle interface
contacts and at the same time to avoid halide mixing at this stage. The halide mixing
process in the physical MAPbIs:MAPDbBrs mixtures is then stimulated by heating to
different temperatures between 55°C and 90°C, and monitored in-situ by XRD, 2°’Pb
NMR and PL spectroscopy (see Sl, section S1 for method protocol). The 2°’Pb NMR
chemical shifts are sensitive to the composition of halides in the local environment and
as such to the first octahedral halide coordination shell.*® NMR spectroscopy generally
is a bulk method that provides an average image sensitive to the bulk and surface of
the powder, while XRD provides information on the overall phase distribution of
perovskite phases in the bulk. PL is highly sensitive to low-energy emitting sites, due
to charge carrier funneling into I-rich domains with lower bandgap.?**° Thus, PL allows

to primarily probe I-rich domains.'’?* Due to the strong absorption in metal halide



perovskites, most excited states are present within the first ~ 300 nm, making PL

particularly surface sensitive.

Exemplarily, Figure 1 shows the NMR and PL spectra and XRD patterns at the
beginning and after 1340 min of applying 90°C in the dark to a 1:1 MAPbIs:MAPbBr3
powder mixture containing BMIMBFa4. The initial 2°’Pb NMR spectrum (Figure 1A,
orange) shows two distinct signals at chemical shifts of & = 1450 ppm and 400 ppm,
which are typical for lead in pure octahedral I- coordination and Br- coordination, i.e.,
physically mixed MAPbIs and MAPbBFr3.485951 After 1340 min at 90°C, the final NMR
spectrum (black) changes to a broad, but structured intensity distribution located
around 6 = 1050 ppm. This distribution located between the Pbls and PbBrs signals
provides evidence that a mixed perovskite phase evolved, in which various PblsxBrx
(x=0, ..., 6) halide coordinations are present.*® The initial PL spectrum (orange) and
that after mixing at 90°C for 1341 min (black) is shown in Figure 1B. The initial PL
spectrum consists of two PL peaks at 780 nm and 550 nm, corresponding to pure
phases of MAPbIz and MAPbBr3, respectively.*® Due to charge carrier funneling from
the high band gap MAPbBTr3 phase to low band gap MAPDbIs phase the PL peak that
corresponds to MAPDIs is more intense than that of MAPbBrs despite equal phase
ratios.®17.4952 The PL spectrum after t=1341 min displays one peak at 735 nm (Figure
1B). Continuation of the measurement up to 2750 min leads to a further peak shift to
718 nm, which is still far from the expected wavelength for fully mixed MAPDbI15Br15 at
683 nm (see Figure S17). Evidently, the observed wavelength of 718 nm after 2750
min indicates that the mixing is not fully completed and some I-rich domains still exist,

which dominate the PL emission due to charge carrier funneling.t’
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Figure 1: 2°’Pb NMR and PL spectra and XRD patterns of a physical 1:1 mixture of
MAPDI3:MAPDBrs powders with BMIMBF4 before (orange) and after (black) mixing in
the dark at 90°C under inert atmosphere. (A) 2°’Pb NMR of an initial (binary) powder
sample at RT (orange) and final (mixed) sample after 1340 min at 90°C (black). (B)
Initial PL spectra of binary sample after reaching 90°C (orange) and mixed sample
after 1341 min at 90°C (black). (C) Initial XRD pattern of binary sample after reaching
90°C (orange) and final mixed sample after 1340 min at 90°C (black). The labels

indicate the assignment of peak positions to pure or mixed phases.
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The initial XRD pattern (orange) measured at 90°C in Figure 1C shows two reflections
attributed to (200) scattering of cubic MAPbIs at 26 = 28.2° and (200) scattering of
cubic MAPDbBr3 located at 26 = 29.7°.5354 The slight asymmetric shape of both reflexes
indicates the onset of the halide mixing process. After 1340 min at 90°C, the pattern
(black) shows a single reflection attributed to a fully mixed MAPbBr1sl1.5 phase,®® while
the initially observed reflections vanished. Longer retention at 90°C only results in a
narrowing of the reflection (Figure S14 C) indicating increasing crystallite sizes and/or

decreasing strain through annealing.

To assess the halide mixing kinetics, the temporal evolution of the signals from NMR,
XRD and PL were followed via fitting the experimental data to extract the specific signal
integrals associated to different material compositions from the full spectra and
patterns (details see Section 3 SI). For NMR spectra, we focused on the temporal
decay in amplitude of the PbBre signal, which is well resolved also for mixed perovskite
phases. In the XRD patterns we focused on the decays of reflection intensities
corresponding to MAPbIs and MAPbBr3 phases and in the PL spectra on the evolution
of the MAPDIs phase-associated intensity (Figure 2, Figures S7-S9, S13-S19). In this
way, we can access both the Bromide and the lodide migration from the initial binary
parent phases into mixed perovskite phases, both locally (NMR and PL) and globally

(XRD).

From Figures 2A and 2C, it becomes clear that the decay curves dominantly
associated wih Br- migration, i.e., the PbBre NMR and the MAPbBr3 XRD peak decays,
are qualitatively comparable for halide mixing at 90°C, for both IL and reference
samples (for other temperatures see Figures S20 and S22). The PbBre NMR signal
does not only originate from pure MAPDbBr3, but also from Br-rich mixed MAPDI3-xBrx

phases (x>1.5) that form during heating (Figure S12). Therefore, the experimentally
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observed decay of the PbBrs NMR signal is expected to be slightly flatter than the

decay of the pure parent MAPbBr3 phase.

Differences also arise for decay curves dominated by I~ migration (Figure 2B,2D): The
XRD patterns and associated decay curves suggest the depletion of the long-range
ordered pure phases to be already finished (on average). However, the decays of the
PL signals are significantly slower than the corresponding decay curves from XRD (for
other temperatures see Figures S22 and S25). This indicates that on the local scale,
small I-rich domains may decay more slowly. Charge carrier funnelling, also from
formed mixed halide phases, will further enhance the relative proportion of I-rich

domains.

Most notably, a significantly faster mixing process is evident for the mixtures with IL
(red) compared to the reference mixture (black) for all methods. Especially, the Br
kinetics tracked by NMR and XRD (Figure 2A, 2C) are strongly accelerated when
BMIMBF4 is present, while the increase in I- mixing kinetics is more moderate (Figure
2B, 2D). This implies that the Br transport is more profoundly impacted by the

presence of the IL BMIMBFa4.
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Figure 2: Normalized intensity decay of (A) the resonance of PbBres coordination in
207Ph NMR spectra, (B) the MAPbIs emission in PL spectra, (C) the cubic (200)
MAPDBrs reflection and (D) the cubic (200) MAPDIs reflection in XRD patterns during
thermally induced halide mixing at 90°C between physical MAPbIs:MAPbBr3 powder
mixtures (1:1). The label IL denotes the BMIMBF4 containing mixture, while Ref
indicates the data obtained from reference perovskite powders that were synthesized

without any IL.

For all decay curves, we identify complex halide kinetics (Figure 2, section S4), which
consist of an initial fast decay, followed by a slower decay in intensity, with the
transition between both decay regimes being earlier for the IL sample. These fast and
slow decay regimes appear as linear slopes in the semilogarithmic plots,>® which
indicates that at least two first-order processes are present during the mixing process.
The observed halide kinetics with a change from a fast to a slow decay may be
attributed to a superposition of several processes influencing the halide migration.

These processes might include: 1) halide migration in the crystalline bulk and at
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interfaces,*”>" 1) dynamic changes of the defect landscape (ion migration pathways)
during annealing,'%47 IIl) crystal growth and dynamic changes of the compositional
gradient,*”->8 which acts as driving force for the configurational entropy gain during the
formation of a solid solution or IV) the formation of highly stable lodide-rich intermediate
solid solutions with Bromide contents below 20%.317 Currently, this complex interplay
on the halide diffusion is unclear and its disentanglement into a detailed diffusion model

exceeds the scope of this study but will be subject of future investigations.

Therefore, despite of the complex interlocking effects on halide kinetics, we describe
the kinetic curves by the simplest possible fit to further analyze the effect of BMIMBF4
on thermally induced halide mixing. The signal decays are fitted using a biexponential
model with offset, which is necessary to account for incomplete conversions of the
parent phases, (section S4) to extract the decay rates ki for the fast initial and k2 for
the slower regime for all investigated temperatures between 55°C and 90°C (for details
compare Sl section S4, Figures S21,523-S24 and S26).% Still, the this way
approximated decay rates ki and k2 follow an Arrhenius type behaviour (Figure 3;
dotted lines attributed to dominant decay rates). For a quantitative Arrhenius analysis,
we focus on the decay rates and activation energies extracted from the XRD Arrhenius
plots (Fig. 3C/D) and only qualitatively compare the results to NMR and PL. For both,
NMR and PL spectroscopy, mixed perovskite phases also contribute to the observed

signals and thus to the absolute values of the kinetic curves.
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Figure 3: Arrhenius plot of decay rates ki and k2 extracted from phase evolution of
MAPDbBrs and MAPDIs in a physical 1:1 mixture of MAPDbIs:MAPDbBrs powder during
thermally induced halide mixing with (IL) and without BMIMBF4 (Ref). Decay rates
extracted from the evolution of (A) PbBrs environments from 2°’Pb NMR, (B) MAPDbIs
phase from PL, (C) MAPDbBrs phase from XRD and (D) MAPDbIs phase from XRD. The
dashed lines are linear fits that yield the activation energy. They also indicate the rates

with dominant (B,D) or equal (A,C) amplitude in saturated colors (see Sl Section S4).

Comparing the behaviour of IL containing samples (red) and reference samples (black)
within the Arrhenius plots (Figure 3) for all mixing temperatures and observation
methods, we see that the extracted decay rates are up to an order-of-magnitude higher
when the IL is present. In addition, it seems that the impact of the IL on the Br- mixing
rate (Figure 3A,3C) is more pronounced than for I- (Figure 3B,3D). This results in nearly

equal mixing rates for Br- and I over a wide temperature range when the IL is present,
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as demonstrated by a quantitative comparison of the I and Br rates extracted from

XRD measurements (Figure 3 C,3D; solid red squares).

However, a stronger impact of BMIMBF4 on Br- diffusion is reflected in the slope of the
linear Arrhenius fits of the dominant decay rates (dotted lines). For the IL containing
sample, the slope associated with the fast decay rates ki of MAPbBTrs increases
significantly compared to the reference (solid squares, Figure 3A,C). The steeper slope
transfers to a two-fold higher activation energy Eagsr for bromide migration, increasing
from 47 to 90 kJ/mol as determined by the XRD measurement, when the IL is present
(Table S6). Qualitatively, this trend of a significant increase in activation energies with
IL is also observed in the NMR data for PbBrs environments (Table S6). The change
of activation energy indicates that the IL BMIMBF4 directly impacts on the mechanism
of the mixing process, i.e., altering the nature of the Br- diffusion pathway. As BMIMBF4
coordinates to the perovskite interfaces,*? it presumably changes the Br migration

pathway at or between perovskite particle interfaces and grain boundaries.

In contrast, for MAPbIs only a negligible increase in slope is seen for the IL containing
sample (solid squares, Figure 3B,3D). Consequently, the activation energies Ea, are
not as strongly affected (Table S6) by the presence of IL, which are between 70 to 89
kJmol? from XRD for reference and IL samples. The same trend is observed in the PL
data following the dominant rates k2 (Figure 3B, Table S6). As the magnitude of
activation energies Ea, between reference and IL containing samples stay comparable,
the nature of lodide migration pathways are expected to be similar for both scenarios.
However, the increase in I mixing rates when BMIMBF4 is present (Figure 3B,3D)
indicates that although the nature of diffusion pathways remains similar, the presence
of IL increases their absolute number. This suggests an increase in accessible ionic

defects at interfaces and/or the bulk.
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In any case, the activation energies from XRD are between 47 and 90 kJmol* for Br-
and between 70 to 89 kdmol* for I migration, respectively, which is on average higher
than the values known from literature.?? Taking into account that literature values were
measured either directly within thin film samples!? or obtained with halide ion exchange
between two thin films pressed together,** we propose that the looser contact between
grains in our powder samples compared to thin films, elevates the average activation
barrier. Still, the lower decay rates for Br compared to |- despite a lower activation
energy for Br seen for the reference samples is in accordance with literature

investigating halide diffusion in perovskites in dark conditions.??

To gain a further insight into the behaviour of BMIMBF4 at elevated temperatures, we
conducted H and °F MAS NMR experiments to probe the additive itself (Figure 4).
The 'H MAS NMR spectra of a MAPbIs/MAPbBrz mixture with BMIMBF4 at
temperatures between 55°C and 90°C (Figure 4A) are dominated by the two signals
of the ammonium (-NHs*) and the methyl group (-CHs) of the methylammonium cation
in the perovskite structure (for full spectra compare Figure S10). However, with
increasing temperature, narrow 'H signals corresponding to the imidazolium cation of
the IL (BMIM*) emerge (Figures 4A and S10).5° At room temperature and up to 55°C,
the 'H MAS NMR signals are broad, as BMIM* coordinates to the perovskite surface
resulting in a solid character®® and passivates defect and trap states there*3. The
temperature-dependent narrowing of the BMIM™ signals is due to a high increase in
BMIM* mobility resulting in a liquid-like state (averaging of *H dipolar coupling terms)
of the additive cations at high temperature. Hence, we conclude that the acceleration
in the halide mixing process due to IL addition originates from the mobility of the IL
cation BMIM*: while at lower temperatures defects at grain boundaries and particle

interfaces are efficiently saturated by the additive, the high BMIM* mobility at higher

14



temperatures opens these defect sites frequently, which are known to facilitate ion
transport!®, and thus act as a ‘highway’ for halide diffusion for both, lodide and

Bromide.

Analogously, the BF4 anion is probed in the *°F MAS NMR spectra, where we observe
a clearly different behaviour for the neat parent samples containing BMIMBF4: in the
MAPDBrs powder the BFs shows a liquid -like mobility with minor anisotropic
interactions as probed by a single sharp 1°F resonance at -146.5 ppm. In contrast, the
BF4 mobility is clearly reduced in MAPbIs powders, where the *°F resonance at -149.0
ppm possesses spinning sidebands due to the presence of anisotropic interactions,
and a broader linewidth. Both signatures indicate a stronger interaction between BF4
and the perovskite interface. Turning to a physical MAPbIs/MAPbBrs mixture with
BMIMBF4 at room temperature both 1°F resonances are observed However, already
before annealing the ratio between the sharp and the broader °F species is roughly
0.1:1, while at temperatures above of 45°C, and for emerging mixed halide MAPDbIs-
xBrx, only the broader resonance is visible (Figure 4B). This indicates that the highly
mobile BF4 anions already diffuse to the MAPbIs powder grains at low temperatures
and preferentially interact with the I-rich grain interfaces. In contrast to the BMIM*
cation which gains mobility with higher temperatures, BF4~ mobility shows only a small
increase for increased temperatures up to 90°C as shown by a slight decrease in
linewidth (Fig. S11). The accumulation of BF4 anions at I-rich interfaces might
counteract the effect of the liberation of the BMIM* cations and thus mitigate the

increase in lodide migration.

However, we do not expect these mobility related effects of the additive ions to result
in changes in activation energies, as the nature of the migration pathway is still defect-

assisted. Rather an opening of interface defects via the liberation of BMIM* will lead to
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a significant increase in mixing rates, while BF4~ accumulation at lodide rich-interfaces
mitigates the effect for lodide migration rates. Therefore, the increase in activation
energy for Bromide migration upon presence of IL must be the result off another effect.
Sanchora et al.®° showed that in an imidazolium-based IL containing the super halogen
BF4, the imidazolium cation favors hydrogen bonding to halide ions in the order CI>Br
>|" instead of the super halogen. This implies that the BMIM™* cation coordinates to
halide ions and is shuttling these ‘actively’, further facilitating the halide transport
between perovskite particles. In view that the interaction between BMIM* and Bromide
is stronger than to lodide,®° this also explains the more pronounced acceleration in Br-
mixing rates (Figures 2 and 3 A,C) and the stronger influence on Bromide activation
energies in comparison to lodide with BMIMBF4. Comparable shuttling mechanisms
were already observed for imidazolium based ILs for applications as electrolytes in
batteries: here the IL anions are forming complexes with Li* and are shuttling Li*

cations between electrodes.5!
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Figure 4: (A) H MAS NMR spectra of the IL containing perovskite powder 1:1 mixture
of MAPDbI3s:MAPDBr3 at various temperatures. The evolving resonances of BMIMBF4
are labelled IL. (B) °F MAS NMR spectra of the IL containing perovskite powder 1:1
mixture of MAPbIs:MAPDBTr3 prior annealing at RT (green) and at 45°C (red) compared
to an overlay of normalized **F NMR spectra of MAPbIz with IL (black) and MAPbBr3
with IL (orange). The resonances seen are associated to BF4 anions and spinning
sidebands are marked with asterisks. (C) Proposed scheme of enhanced ion exchange
for thermally induced halide mixing to form mixed halide perovskites. The scheme
shows how BMIMBF4 passivates trap states at grain boundaries and its mobility

increase at elevated temperatures, while coordinating with halide ions.

In summary, the enhanced IL mobility with temperature opens defect-rich areas at

grain boundaries and forms a liquid-like transfer channel of BMIMBF4, where the
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BMIM* cations may act as shuttles favoring Br- transport, while accumulated BF4
anions at I-rich interfaces might partially counteract the effect of the liberation of the
BMIM* cations. This interplay of coordinations results in an overall pronounced
transport of halide ions to neighboring grains under dark conditions but favors Br
migration. A sketch for the proposed mechanism of enhanced halide migration with
BMIMBF4 is shown in Figure 4C. We additionally investigated this proposed
mechanism for another commonly used IL, BMIMPFs, where compared to BMIMBF4
the ionic radius of the anion PFe is bigger (254 pm), hydrogen bonds between anion
and cation are comparable*® and the additive becomes in contrast to BMIMBF4
hydrophobic.6? We qualitatively observe a similar behaviour of accelerated halide
kinetics at 90°C to form a solid solution from physical MAPbIs/MAPbBrs powder
mixtures containing BMIMPFs with overall comparable powder morphologies (see
section S2 and S6). As we observe a similar trend for accelerated halide kinetics with
BMIMPFs, we conclude that our results are indicative of a more general behaviour. We
propose that the addition of an IL with imidazolium-based cations, such as BMIMBF4,
known for their intrinsic ionic conductivity,53¢* combined with a preferred interaction
between the IL cation and Bromide and the IL anion and MAPDbIs results in a more
pronounced enhancement of Bromide migration rates compared to lodide. Thus, the
presence of the IL leads to an increase in the overall halide mixing rate, which is

determined by the slowest halide migration rate.

This effect of BMIMBF4 and BMIMPFs appears to be counter-intuitive to the literature,
in which BMIMBF4 was found to enhance the thermal stability in MAPbIs and mixed
halide perovskite thin film solar cells under light irradiation and suppresses the ion
migration in MAPbIz powder thick films under electrical bias.3¢4243 Thus, we propose,

that either equalized lodide and Bromide migration rates decrease halide demixing
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under illumination, or that the overall IL-enhanced halide mobility results in an
equilibrium between halide demixing in excited regimes and remixing in dark parts. For
many models of halide segregation under illumination, a difference in phase-
segregation and mixing rates is a pre-requisite.”4%6566 In future studies it will be
promising to systematically address this proposed interplay between illumination and
heat on the halide (de)mixing processes and associated kinetics under the influence
of ionic conductors, such as ILs. Such studies will allow to identify suitable equilibrium
conditions between halide mixing and demixing and consequently to develop stable

mixed halide perovskite systems, fostering next-generation tandem solar cells.
Supporting Information

Experimental Details; Characterization of powder morphology of the parent powder
educts MAPDbIz and MAPDbBTr3; In-situ experiments following the mixing process of
MAPDbI3-MAPDBTr3; Kinetics of halide exchange from in-situ experiments; Activation

energies for | and Br migration; Influence of the IL BMIMPFs
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